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Abstract. Urbanization and especially increases in impervi-
ous areas, in combination with the installation of wastew-
ater treatment infrastructure, can impact the runoff from a
catchment and river ﬂows in a signiﬁcant way. These effects
were studied for the Grote Nete catchment in Belgium based
on a combination of empirical and model-based approaches.
Effective impervious area, combined with the extent of the
wastewater collection regions, was considered as an indica-
tor for urbanization pressure. It was found that wastewater
collection regions ranging outside the boundaries of the natu-
ral catchment boundaries caused changes in upstream catch-
ment area between −16 and +3%, and upstream impervi-
ous areas between −99 and +64%. These changes lead to
important intercatchment water transfers. Simulations with a
physically based and spatially distributed hydrological catch-
ment model revealed not only signiﬁcant impacts of effective
impervious area on seasonal runoff volumes but also low and
peak river ﬂows. Our results show the importance, as well
as the difﬁculty, of explicitly accounting for these artiﬁcial
pressures and processes in the hydrological modeling of ur-
banized catchments.
1 Introduction
Urbanization signiﬁcantly impacts ﬂow regimes and water
quality of river systems (Paul and Meyer, 2001; Jacobson,
2011). In particular, impervious areas exert several pres-
sures on the hydrological cycle of catchments (Shuster
et al., 2005). They affect inﬁltration, surface runoff and
evapotranspiration, making the lateral processes potentially
more important in urban settings than the vertical pro-
cesses (Arnold and Gibbons, 1996; Becker and Braun, 1999;
Brabec, 2009). These alterations in hydrological processes
increase runoff peak ﬂows and ﬂood ﬂashiness in rivers
(Sheeder et al., 2002; Baker et al., 2004).
The effects of urbanization on peak ﬂows have been stud-
ied in more detail compared to its effects on baseﬂow and
low-ﬂow events (Price, 2011). Baseﬂow represents stream
ﬂow fed from deep subsurface and delayed shallow subsur-
face storage (Ward and Robinson, 1989), while low ﬂow ad-
dresses dry season minimum ﬂows (Smakhtin, 2001; Price,
2011). As urbanization reduces inﬁltration and recharge,
it is generally expected that river baseﬂow is affected as
well (Simmons and Reynolds, 1982; Kauffman et al., 2009).
Baseﬂow can, however, also be strongly inﬂuenced by vari-
ous types of anthropogenic activities in the catchment, such
as water abstractions, sewer leakage or groundwater intru-
sion (Seiler and Rivas, 1999; Smakhtin, 2001; Brandes et al.,
2005; Wittenberg and Aksoy, 2010). Hence, the impact of ur-
banization on the different ﬂow regimes is difﬁcult to detect
due to the strong temporal ﬂow variations (weak signal-to-
noise ratio). Although a weak tendency in baseﬂow decline
and peak ﬂow increase has been identiﬁed by some authors
(Price, 2011), the combined effect of several anthropogenic
and natural processes that inﬂuence baseﬂow and differences
in assessment methodologies result in many remaining un-
certainties in our understanding of baseﬂow behavior in peri-
urban catchments (Hamel et al., 2013).
Sewers collect wastewater and, for combined sewer sys-
tems, also rainstorm water from pavements. They can also
receive groundwater or leak wastewater to the groundwater
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system (Dirckx et al., 2009). The collected water is trans-
ported to a wastewater treatment plant (WWTP) and, after
treatment, discharged into a receiving river. The WWTP thus
aggregates water from the entire wastewater collection re-
gion (WWCR) and returns it to the environment at one sin-
gle river location. Moreover, the WWCRs usually do not
coincide with the catchment boundaries as they are mostly
basedonadministrativeborders.Consequentlytheassociated
sewer infrastructure might transfer water between different
natural (sub)catchments and further affect the natural hydro-
logical processes in the catchment (Simmons and Reynolds,
1982). Recent research on catchment delineation considered
incorporation of these changes in hydrological ﬂow paths us-
ing semi-automated procedures (Jankowfsky et al., 2013).
Such delineations, however, remain largely data dependent
and time consuming.
Total impervious area (TIA) is considered to be an im-
portant indicator of the urban disturbance and an important
land use characteristic. Imperviousness of urban areas is,
however, very heterogeneous. Inﬁltration of impervious ar-
eas may not always be zero (Ragab et al., 2003). Impervi-
ous areas that are directly connected to the receiving river
have a much larger effect on that receiving river (Boyd et al.,
1994; Walsh et al., 2009). Some studies therefore suggest
that the subset of impervious surfaces that route storm water
runoff directly to streams via storm water pipes, also called
effective impervious area (EIA), may be a better predictor of
stream ﬂow alteration (Shuster et al., 2005; Roy and Shuster,
2009). Measurements of EIA are, however, much more difﬁ-
cult to obtain and therefore less commonly used in hydrolog-
ical studies (Walsh et al., 2009).
Some studies have accounted for the difference between
TIA and EIA in impact studies (Lee and Heaney, 2003;
Shuster et al., 2005). The traditional calculation of TIA
and EIA might, however, be erroneous since the difference
in boundaries between the natural river catchment and the
WWCRs is typically disregarded. When impervious areas
are situated within a river catchment, the surface runoff from
theseareasmightdraintoaWWTPlocatedoutsidethecatch-
ment. The impervious areas in that case do not contribute to
the runoff of the considered catchment.
Next to empirical statistical analysis, hydrological mod-
els can offer additional methods for studying the impact of
changes in pervious and impervious areas on catchment hy-
drology. Such models can indeed help in complementing ex-
isting data and obtaining a better insight in the hydrolog-
ical behavior of a catchment and the hydrological impact
of urbanization. To allow the impact of spatial (e.g., land-
use-related) scenarios to be assessed, fully spatially dis-
tributed hydrological process models (FDPM) are required.
Such models give a spatially detailed and potentially reli-
able description of the hydrological processes in the catch-
ment (Abbott and Refsgaard, 1996; Refsgaard and Knudsen,
1996; Boyle et al., 2001; Ajami et al., 2004; Carpenter and
Georgakakos, 2006), but require a high amount of spatially
explicit input data. After calibration of the large set of pa-
rameters in such models, a better match between simulated
and observed hydrological variables may be obtained, but
this does not necessarily mean that the model has a good
accuracy. Model over parameterization and related parame-
ter identiﬁability problems are well-known pitfalls (Beven,
1989; Jakeman and Letcher, 2003; Muleta and Nicklow,
2005). These problems limit the applicability of such mod-
els. The FDPMs perform well in catchments where the hy-
drological processes are still close to natural runoff condi-
tions, but are typically less accurate in urban areas due to
the several (unknown or difﬁcult to model) human inﬂuences
(Vansteenkiste et al., 2013).
Discarding these anthropogenic inﬂuences can lead to a
signiﬁcant model bias and related impact assessments. In an
urbanized environment with extensive sewer infrastructure,
this might not only affect the performance of the catchment
runoff and river ﬂow simulation; it can also have indirect
effects on parameterization of other land uses and over- or
underestimate individual runoff components (Vansteenkiste
et al., 2013). It has previously been demonstrated that if one
does not differentiate between TIA and EIA in the hydro-
logical model, this may result in a large model bias (Alley
and Veenhuis, 1983; Brabec, 2009). EIA is the most sensi-
tive ﬂow parameter in urban drainage models. Some authors
haveshownthatcalibrationofthisparametermaycompletely
eliminate the bias in the results of these models (Willems and
Berlamont, 1999; Kleidorfer et al., 2009).
This paper aims to quantify the importance of interbasin
transfers and WWTP efﬂuent ﬂow contributions to down-
stream river ﬂows for a selected river catchment in Belgium.
The study makes use of measured river ﬂows and efﬂuent
discharges from the different WWTPs installed in and out-
side the catchment. We evaluate the relative contribution of
theseWWTPstotheriverﬂow,includingpeakandlowﬂows.
To understand the origin of the WWTP efﬂuent discharges
and the WWTP-induced water transfers between catchments,
the sewer infrastructure and the EIA are assessed in a GIS
environment, and compared with FDPM simulations for the
study catchment. When implementing the FDPM, the above-
mentioned modeling issues (e.g., impervious area calculation
and interbasin transfers) are considered. Based on empirical
data analysis, model-based results and the comparison be-
tween both; we demonstrate the magnitude and importance
of
– water transfers across the catchment boundaries,
– water transfers across subcatchments within the
catchment,
– the impact of EIA on river high and low ﬂows and the
performance of an FDPM.
We also discuss the implications the water transfers have on
the FDPM-based impact analysis.
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Fig. 1. General overview of the different steps of the research methodology and their interlinks.
2 Material and methods
2.1 Study area
The study catchment the Grote Nete river (350km2) is sit-
uated in the north of Belgium. It has a maritime, temper-
ate climate withaverage precipitationof 800mmyear−1. The
catchment is composed of a mosaic of semi-natural, agricul-
tural and urbanized areas, with a total population of 218815
(Statistics Belgium, 2011). Urbanized areas are mainly situ-
ated around the town centers, but important parts of the ur-
banization are spread along the main roads connecting the
different towns. As a result the development of the sewer in-
frastructure is difﬁcult, costly and time consuming.
Although the ﬁrst WWTP in the catchment dates back
from 1964, major investments in the sewer infrastructure
only started 15 to 20 years ago (Dirckx et al., 2009). Never-
theless, large numbers of households are yet to be connected
to the sewer infrastructure. The sewer system consists mostly
of a combined system that collects both rain- and wastewater
and is connected to sewer overﬂow devices (SOD) that are
present at several locations in the catchment. Only a small,
more recent part of the sewer system separates rain- and
wastewater. Houses that are not yet connected to a sewer usu-
ally have a sceptic tank for basic treatment, after which the
overﬂow drains to the nearest stream. The historical devel-
opments in the region and of the sewer system have led to
a complex situation of connected and non-connected houses,
roads and other impervious areas with or without rainwater
separation.
2.2 Overview of the research approach
The approach and procedure to demonstrate the impacts of
EIA connected to WWTPs and how they interlink in order to
answer the research questions is visualized in Fig. 1. (A) As
a ﬁrst step, empirical quantiﬁcation and analysis of the im-
pervious areas as well as the river and WWTP discharges
was carried out (further referred to as the empirical analy-
sis). (B) The empirical data of both EIA and WWTP dis-
charges were used to develop three reduced rainfall scenar-
ios and simulated in an FDPM to model the river ﬂows in the
catchment. (C) The empirical and modeled river ﬂows and
impacts of the WWTP impacts were intercompared in order
to obtain an improved understanding of both catchment and
model behavior.
2.3 River ﬂow and WWTP discharges
The Flemish Environment Agency (FEA) provided both
hourly and daily mean river ﬂow data (m3 s−1) for the river
gauging station situated at the outlet of the catchment (Varen-
donk) for the period 2004–2008, as well as efﬂuent discharge
data for the different WWTPs that are related to the catch-
ment (Fig. 2). To evaluate the overall impact of the WWTPs
that discharge into the catchment (Mol and Geel), relative
contributions of the WWTPs efﬂuent discharges to the daily
discharge of the Grote Nete river were calculated for the pe-
riod 2004–2008. No discharge data were available for the
WWTP of the military camp of Leopoldsburg. However, be-
cause of its small size (0.7% of total EIA), its impact on the
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Fig. 2. Overview of the different WWTPs and their WWCRs that are situated within the Grote Nete catchment (1–3) as well as the WWTPs
that receive wastewater from impervious areas that are situated within the Grote Nete catchment but discharge into another catchment (4–8).
Parts of the WWCR that are situated within the natural catchment boundary are shown with a brighter shade, illustrating the discrepancy
between the areas covered by the natural catchment and the sewer systems.
river system is considered to be negligible. The hourly river
ﬂow data were used for model calibration and validation.
2.4 Land use map and impervious area
The land use map used in this study was obtained from
the National Geographical Institute (NGI) (NGI, 2007) and
has a spatial accuracy of 1m. This land use map (1:10000
vector layers) is based on aerial photographs from 1998
(1:21000), ground-truthed and adjusted in the following
years until 2007, when the map was published. It contains
47 different land uses. For the hydrological simulation pur-
poses, a reduced set of nine categories was considered: ever-
green needleleaf forest, broad-leaved woodland, mixed for-
est, open scrublands, grasslands, permanent wetlands, crop-
lands, impervious area and water bodies (Table 1). These
nine classes follow the IGBP classiﬁcation system based on
their relationship to the modeled hydrological processes (Liu
and De Smedt, 2004). Impervious areas include only com-
pletely sealed soils. Areas that can have reduced inﬁltration
rates such as sandy roads (sand) or gardens are not consid-
ered to be part of the impervious areas. They are classiﬁed
based on the most common characteristics of each land use
type in the region (e.g., gardens are most often lawns).
The EIA is estimated on the basis of two thematic GIS lay-
ersrepresenting thesewer system areasand arebased onﬁeld
observations done by different administrations. Houses con-
nectedtothesewersystemareshowninzoningmaps(onefor
each municipality). These maps indicate the connection of all
individual households to the sewer systems and which ones
drain directly to a nearby stream. The zoning maps also indi-
cate which houses will be connected in the future and which
buildings will have to install individual wastewater treatment
plants (FEA, 2008b). In order to conduct all analyses based
on the same input data, the zoning maps were used to identify
the buildings, present in the NGI land use map, connected to
each sewer system.
Streets that are connected to the sewer system were iden-
tiﬁed based on the polylines describing each sewer system
(FEA, 2008a). Streets in the NGI land use map that overlap
withthesewersystemwereassumedtocontributetotheEIA.
Sewers that separate waste- and rainwater were left out from
this part of the analysis. Combining both methods resulted in
one map from which the EIA of each WWCR was derived.
2.5 Upstream area calculations
Subcatchments were delineated based on a 1:5000 digital el-
evation model (DEM) expressed as a 5m raster (FEA, 2005,
2006). For each stream junction (n=131), upstream areas
were calculated using the method discussed in Jenson and
Domingue (1988) (further referred to as the runoff method).
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Fig. 3. Example on the calculation of the upstream areas. The WWTP discharges into subcatchment 1 (orange colored). Therefore the EIAs
within the WWCR, but outside subcatchment 1 (green and purple colored), are included in the upstream area of subcatchment 1. As a
result the area of this subcatchment increases by 404ha of impervious area or by 5.1% of the total area. Because the EIA is removed from
subcatchment 2 (purple color), the area of subcatchment 2 decreases by 69ha or 4.3% of the total area.
By combining these upstream areas with the 1m raster of the
land use map, we calculated upstream impervious area for
each stream junction.
Next the sewer infrastructure was considered (further re-
ferred to as the sewer method) (Fig. 3). In this method, the
upstream areas were recalculated by removing the EIAs from
their natural subcatchments and adding these EIAs to the
subcatchment of the river reach into which the WWTP dis-
charges. As zoning maps also indicate which houses yet have
to be connected to the WWTPs, expected upstream areas for
the near future were obtained as well. Differences in up-
stream impervious areas and total areas between the runoff
method and the sewer method were considered as indicators
of how strongly the catchment is affected by the sewer infras-
tructure. All GIS calculations were performed in ArcGIS 9.3
(ESRI Inc., 2009).
To make an evaluation of the impact of the sewer in-
frastructure on the catchment’s overall water balance, the
changes in upstream area and upstream impervious ar-
eas (TIA) between both methods were calculated for the
131 stream junctions in the catchment. The relative changes
(%) were analyzed by means of histograms.
2.6 MIKE SHE model setup
MIKE SHE is a spatially distributed, physically based hydro-
logical model (Abbott et al., 1986). It simulates the terrestrial
watercycleincludingevapotranspiration(ET),overlandﬂow,
unsaturated soil water and groundwater storage and move-
ments (Refsgaard and Storm, 1995; Feyen et al., 2000;
DHI Water and Environment, 2008). The MIKE SHE model
has been used worldwide for a wide range of applications
(Refsgaard, 1997; Sun et al., 1998; Thompson et al., 2004;
Sahoo et al., 2006; Zhang et al., 2008). For this study, a spa-
tially distributed, physically based hydrological model was
selected over other types of hydrological models as it can
simulate the effect of spatially differentiated scenarios. It al-
lowed us to evaluate the effect of changes in spatial patterns
of surface runoff on the hydrological regime. The model was
also used for other research purposes (Vansteenkiste et al.,
2013) The representation of catchment characteristics and in-
put data (digital terrain model, land use, soil) in MIKE SHE
are provided through raster information. The MIKE SHE
model for the Grote Nete catchment was built on a 250m
grid. It was developed with physics-based ﬂow descriptions
only for those processes that are relevant for the purposes of
this study, i.e., overland and unsaturated ﬂow. Given that the
study focusses on spatial scenarios at the surface (changes
in surface runoff), groundwater ﬂow processes are consid-
ered to be secondary. Therefore the saturated zone was im-
plemented through simpliﬁed lumped process descriptions,
while surface processes were modeled in a spatially variable
way (see Vansteenkiste et al., 2013, for details). The applied
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Fig. 4. Schematic representation of the applied MIKE SHE model conﬁguration (Graham and Butts, 2006).
model conﬁguration is schematized in Fig. 4 (Graham and
Butts, 2006).
Hourly data from six rain gauges were used to describe
the spatial variability of the rainfall over the catchment and
used for meteorological input after applying Thiessen poly-
gons. Only one potential evapotranspiration series was ac-
quired from the national meteorological station located at
Uccle, 30km west of the study area, and applied. The grow-
ing cycle of the different crops was considered by means of
a vegetation database that included leaf area index (LAI) and
root depth (RD) and was based on Rubarenzya et al. (2007).
Additional empirical parameters for determining the evap-
otranspiration of the crops were assessed from the litera-
ture (Kristensen and Jensen, 1975; DHI Water and Environ-
ment, 2008). The overland ﬂow component was determined
by the Strickler roughness coefﬁcient, detention storage and
initial water depths. The surface roughness was based on val-
ues from the literature (Chow, 1964) as a function of land
use. Standard values were taken for the detention storage
and initial water depths and are considered constant over the
entire catchment (DHI Water and Environment, 2008). The
MIKE SHE model was coupled to a full hydrodynamic river
model, implemented in MIKE 11 (DHI Water and Environ-
ment, 2009) to route MIKE SHEs overland ﬂow to the catch-
ment outlet and account for the hydraulic effects of the river
network and its infrastructure. The river network comprised
the main branches in the catchment, which were extracted
from the Flemish hydrological atlas (FEA, 2005). The ge-
ometry of each river branch was speciﬁed in terms of cross
sections obtained from ﬁeld survey data. All infrastructures
that were expected to have a signiﬁcant impact on the river
ﬂow, such as bridges, culverts and weirs, were implemented
in the model. For the unsaturated soil water component of
the catchment model, soil moisture characteristics were de-
ﬁned by means of the model by Brooks and Corey (1966) for
soil retention curves, and the equation by Averjanov (1950)
for the soil hydraulic conductivities. The unsaturated zone
parameters, needed to identify these relations, were based
on the USDA – United States Department of Agriculture –
soil information database. As mentioned above, the saturated
zone was implemented through baseﬂow reservoirs applying
simpliﬁed lumped storage and ﬂow descriptions and param-
eters. More speciﬁcally, the entire groundwater system was
divided into a series of shallow interﬂow reservoirs plus two
deep baseﬂow reservoirs. These reservoirs allowed for dif-
ferentiating between fast and slow components of baseﬂow
discharge and storage. An overview of the most important
model parameters in the considered model conﬁguration is
presented in Table 2.
Soil characteristics were derived from the USDA soil pa-
rameters classiﬁcation system (Graham and Butts, 2006).
Saturated zone ﬂow was simulated using the linear reservoir
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Table 1. Overview of the different land use classes used in the NGI
map and the reclassiﬁcation to 9 categories.
NGI description IGBP vegetation
Coniferous trees Evergreen needleleaf forest
Orchard Evergreen needleleaf forest
Tree nursery Evergreen needleleaf forest
Deciduous trees Broad-leaved woodland
Poplar plantation Broad-leaved woodland
Mixed deciduous and Mixed forest
coniferous trees
without dominant
Mixed deciduous and Mixed forest
coniferous trees
with dominance of
deciduous trees
Mixed deciduous and Mixed forest
coniferous trees
with dominance of
coniferous trees
Sand Open scrublands
Bare ground Open scrublands
Coppice Open scrublands
Heath Open scrublands
Heath with deciduous trees Open scrublands
Heath with coniferous trees Open scrublands
Scrubs Open scrublands
Brushwood Open scrublands
Brushwood with scrubs Open scrublands
Cemetery Grasslands
Beds Grasslands
Pasture Grasslands
Gardens Grasslands
Deep swamp Permanent wetlands
Reedland Permanent wetlands
Cropland Croplands
Transformer station Impervious area
Railway Impervious area
Road Impervious area
Crossroad Impervious area
Industrial building (in use) Impervious area
Industrial building (abandoned) Impervious area
Warehouse Impervious area
Silo Impervious area
Greenhouse Impervious area
Cooling tower Impervious area
Non-university hospital Impervious area
Town hall Impervious area
Schoolhouse Impervious area
Firehouse Impervious area
Commercial building Impervious area
Religious building Impervious area
Sports hall Impervious area
Covered grandstand Impervious area
Non-covered grandstand Impervious area
Indoor swimming pool Impervious area
Building for drinking water supply Impervious area
Normal building Impervious area
Building for public use Impervious area
Watercourse Water bodies
Pond Water bodies
Sluice Water bodies
method. The entire groundwater system was divided into a
series of shallow interﬂow reservoirs plus two deep base-
ﬂow reservoirs. These reservoirs allowed for differentiating
between fast and slow components of baseﬂow discharge and
storage. Water was routed through the linear reservoirs as in-
terﬂowandbaseﬂow andsubsequentlyaddedto the MIKE11
river network as lateral inﬂow in the lowest interﬂow reser-
voir (Graham and Butts, 2006).
2.7 Implementing the hydrological inﬂuence of the
sewer infrastructure in MIKE SHE
To model the effect of the EIA on the hydrological regime
of the Grote Nete catchment, the detailed land use map
(1:5000) and EIA had to be resampled to the MIKE SHE
model grid speciﬁcations (250m). Despite the careful resam-
pling for preserving the catchment land use in the model, an
overestimation of TIA by 4.2% remained. For each WWCR,
the urban area and EIA were extracted and the percentage
EIA per urban area WWCR calculated. These calculations
were used in combination with the resampled urban area
per WWCR in MIKE SHE to deﬁne the fraction of rainfall
discharged by the sewer infrastructure to the river. Table 3
presents the percentage of EIA per WWCR and its urban
area.
Incorporating the impact of the sewer infrastructure within
the MIKE SHE model can be done in two different ways.
This basically involves the removal of the surface runoff
that is going to the sewer network from the total catchment
runoff. This surface runoff to the sewage system can then be
added to the river network at the WWTP discharge location
as a point source, after accounting for the sewer WWTP rout-
ing time delay. To remove the sewer runoff from the catch-
ment runoff, one of the ﬁrst solutions is to take out, from
the modeling domain, the grid cells that cover the impervi-
ous areas and that contribute to the sewer system. The prob-
lem encountered here in this study is that none of the 250m
grid cells are fully covered by that type of impervious sur-
faces. Only fractions of the grid cell areas contribute to the
sewer system, making the removal of the grid cells impossi-
ble. Therefore we opted for the second solution: reducing the
rainfall input proportional to the fraction of the sewer runoff
contribution. This allowed us to take better in to account the
fractions of impervious areas within each grid cell.
Three different rainfall scenarios were developed to assess
the impact of the sewer system. For each scenario, the total
measured rainfall in the catchment was reduced in relation
to the assessed WWTP discharges. The rainfall reductions
were spatially differentiated within the catchment by reduc-
ing the different rainfall series based on the overlap between
the Thiessen polygons (different point rainfall input series)
and the different WWCR regions (amount of EIA). The dif-
ferent scenarios of reduced rainfall were applied within the
model to assess its impact in the model. Scenario 1 consid-
ered a reduction in rainfall within the WWCRs that discharge
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Table 2. Overview of the MIKE SHE model parameters in the considered model conﬁguration.
Component Parameter Description Unit
Evaporation Cint Canopy interception mm
c1, c2, c3 Evapotranspiration empirical parameters mmday−1
Aroot Root distribution index 1/m
Kc Crop coefﬁcient –
LAI Leaf area index –
RD Root depth mm
Overland ﬂow M Strickler roughness coefﬁcient (m3 s−1)−1
DS Detention storage of the ground surface mm
Hini_OF Initial water depth on the ground surface mm
Unsaturated ﬂow θsat Saturated soil water content m3 m−3
θFC Soil water content at ﬁeld capacity m3 m−3
θWP Soil water content at ﬁeld wilting point m3 m−3
θres Residual soil water content m3 m−3
Ksat Saturated hydraulic conductivity ms−1
n Averjanov empirical constant –
Channel ﬂow Hini_CF Initial water level mm
Qini_CF Initial discharge m3 s−1
n Bed resistance (m3 s−1)−1
Groundwater ﬂow Sy_IF Speciﬁc yield for interﬂow reservoir –
Hini_IF Initial depth of the interﬂow reservoir m
Htreshold_IF Threshold depth of the interﬂow reservoir m
Hbottom_IF Bottom depth of the interﬂow reservoir m
tpercolation Percolation time days
RCIF Interﬂow time constant days
αSZ Fraction of percolation to the baseﬂow reservoir –
Sy_BF Speciﬁc yield for the baseﬂow reservoir –
RCBF Baseﬂow time constant days
αUZ Unsaturated zone feedback fraction for baseﬂow –
Hini_BF Initial depth of the baseﬂow reservoir m
Htreshold_BF Threshold depth of the baseﬂow reservoir m
Hbottom_BF Bottom depth of the baseﬂow reservoir m
within the catchment to assess the impact of the sewer infras-
tructure on the river ﬂows. Scenario 2 implemented a reduc-
tion in rainfall within the WWCRs that discharge outside the
catchment to assess the impact of water transport outside the
catchment. Scenario 3 took a reduction in rainfall across the
entire catchment to evaluate the impact of all the sewers on
the river system (Table 3). The original measured rainfall in-
put series, applied to calibrate the model, is further referred
to as the reference scenario.
The differences in runoff discharges between the initial
model result and the simulations with reduced rainfall input
gave us indications of the impact of the sewer infrastructure
on the catchment runoff. The model results were compared
for the different scenarios and assessed on an hourly, daily
andmonthlybasis.Thereductionsinﬂowbecauseofreduced
rain were compared to the measured WWTP discharges as
well as their relative contributions to the total river ﬂows.
Differences in relative contributions were calculated between
the reference scenario and the rainfall scenarios 1 and 3.
Changes in peak and low ﬂows were evaluated in relation
to the empirical return period (mean recurrence interval of
these ﬂows).
2.8 MIKE SHE model calibration
Aftercompletingthemodelsetup,theMIKESHEmodelwas
calibrated. Note that the MIKE SHE model code comprises
numerous free parameters, whereas the guiding principle for
complex models like MIKE SHE is to calibrate the model
on as few free parameters as possible (Refsgaard and Storm,
1995). Therefore, the calibration parameters were reduced by
a parameter sensitivity analysis similar to Xevi et al. (1997)
and Thompson et al. (2004). The results of this sensitivity
analysis for the Grote Nete model are not presented here, but
can be found in Vansteenkiste et al. (2013). They show that
the most sensitive parameters are the surface roughness and
saturated zone parameters. These parameters are mainly re-
lated to the groundwater computations, but also have a strong
inﬂuence on both low-ﬂow and peak-ﬂow magnitudes. In
the end the model was calibrated using 14 parameters per
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Table 3. Different variables used to implement the reduced rain scenarios: EIA in the catchment (ha), EIA per WWCR (%) and EIA per
urban area unit (%) based on the NGI data.
WWTP EIA (ha) EIA per EIA per Scenario 1 Scenario 2 Scenario 3
per WWCR WWCR (%) urban area
WWCR (%)
Mol 782.07 5.17 72.77 ∗ ∗
Geel 284.31 7.2 67.42 ∗ ∗
Leopoldsburg 32.04 6.99 48.5 ∗ ∗
Tessenderlo 418.85 6.58 76.21 ∗ ∗
Westerlo 182.96 4.77 67.22 ∗ ∗
Beverlo 41.14 5.43 87.34 ∗ ∗
Lommel 145.43 2.75 47.57 ∗ ∗
Eksel 101.6 2.27 74.04 ∗ ∗
∗ indicates the WWRCs for which the rain was reduced in each scenario.
grid cell related to the distributed raster information, and
20 catchment-wide parameters related to the groundwater
ﬂow and evapotranspiration processes.
Calibration of the model was done against hourly stream
ﬂow measurements at the catchment outlet for the time pe-
riod 2004–2006, while the years 2007 and 2008 were used
for model validation. The most sensitive parameters were it-
eratively and manually adjusted between predeﬁned limits
until maximal correspondence between measured and pre-
dicted discharge runoff downstream of the catchment was
achieved.Thepredeﬁnedparametervaluelimitsrepresentthe
physically acceptable intervals and have been assessed on the
basis of previous modeling studies of the Grote Nete catch-
ment (Rubarenzya et al., 2007; Woldeamlak et al., 2007) and
the literature (Chow et al., 1988; Anderson and Woessner,
1991; DHI Water and Environment, 2008).
The model correspondence was evaluated both qualita-
tively by visual inspection of the runoff results and quanti-
tatively using goodness-of-ﬁt statistics, including mean er-
ror (ME), root-mean-squared error (RMSE), correlation co-
efﬁcient (R) and Nash–Sutcliffe efﬁciency (NSE) (Nash and
Sutcliffe, 1970). Because the aim of this study was to inves-
tigate the impact on both high and low river ﬂow conditions,
independent peak and low ﬂows, extracted from the time se-
ries using the method of Willems (2009), were also explicitly
validated. This was done in scatterplots of simulated versus
observed values as well as by means of empirical frequency
distributions (peak and low ﬂows versus return periods). The
return periods of peak and low ﬂows were calculated em-
pirically as the total length of the available time series (in
years) over the peak- and low-ﬂow rank (1 for highest, 2 for
second highest, etc.). Box–Cox transformation was applied
to the simulated and observed peak and low ﬂows to reach
homoscedastic model residuals (Willems, 2009). This means
that the model residuals can be represented by one distribu-
tion and equal weight is given to the peak- and low-ﬂow val-
ues. The RMSE of the model residuals after transformation
was optimized during model calibration.
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Fig. 5. Monthly mean, minimum and maximum of the daily mea-
sured ﬂow (m3 s−1) for the period 2004–2008 at the outlet station
(Varendonk) of the Grote Nete catchment.
3 Results
3.1 River ﬂow contribution of WWTPs
Between January 2004 and December 2008, the Grote Nete
had an average observed discharge of 3.95m3 s−1 at the
catchment outlet. The upstream WWTPs discharged for the
same period on average 0.31m3 s−1 of wastewater to the
Grote Nete, or 7.9% of the river ﬂow. Discharges of both
the river and WWTPs, however, varied substantially in time
(Fig. 5). Rain events always lead to strong changes in river
ﬂow. For example, in 2007 there was a noticeable reduc-
tion in baseﬂow during spring and summer, followed by a
strong increase during the winter period. In 2008 several
rain periods led to a higher average ﬂow during spring and
summer. Monthly mean discharges of WWTPs and monthly
mean river ﬂows were found to be well correlated (r2 =0.72,
p<0.001). Correlation between daily mean WWTP and
daily mean river discharges was, however, lower (r2 =0.60,
p<0.001).
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Fig. 6. Monthly mean, minimum and maximum relative contribu-
tion of the WWTPs (Mol and Geel) to the river ﬂow at the outlet
station (Varendonk) of the Grote Nete catchment.
In general, the WWTPs were found to contribute between
5.5 and 13.1% of the monthly average river ﬂow at the Grote
Nete catchment outlet (Fig. 6). On a daily basis the con-
tribution of the WWTPs to the river ﬂow can decrease to
5.5% during wet periods or increase up to 23.6% during dry
summer periods. The highest relative contributions were ob-
served for rain events that occur during low river ﬂow pe-
riods (e.g., convective thunderstorm periods after long, dry
summer periods).
3.2 Water transfers between catchments and
subcatchments
3.2.1 Current situation
From the analysis of the WWCRs we conclude that there are
signiﬁcant water transfers between the Grote Nete catchment
and adjacent catchments. Of the total of 2836ha TIA in the
catchment, 1661ha are currently connected to the WWTPs.
This gives an initial ratio of 0.6 between TIA and EIA. Only
54.0% of the EIA drains water that remains inside the catch-
ment, the rest, mostly situated in the southern part of the
catchment, drains water outside the catchment. At the same
time waste-, ground- and rainwater from 461ha, mostly from
the north, is transported from outside to inside the catch-
ment. If the difference in boundaries between catchment and
WWCRs is taken into account, the EIA for the catchment is
considered to be 1361ha. This represents 4.0% of the entire
catchment area.
Upstreamimperviousareasandtotalupstreamareachange
substantiallywhentheWWCRsareincorporatedintothecal-
culations. A comparison between both calculation methods
for 131 river junctions illustrates this impact. By taking the
WWCRs into account, total upstream impervious areas de-
crease up to 99%, as for most subcatchments impervious ar-
eas are connected to a WWTP located outside the subcatch-
ment. For other river junctions, the upstream areas increase
up to 64% because a WWTP is situated upstream of the
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Fig. 7. (a) Histogram of the change in upstream impervious areas
that demonstrates the impact of the sewer system on both upstream
area calculations. For different stream junction points (n=131) in
the catchment, upstream impervious areas were calculated based on
the natural catchment and after taking the sewer system into ac-
count. Differences between both types of upstream impervious ar-
eas were calculated as percentage change for each junction. (b) His-
togram of the change in total upstream areas that demonstrates the
impact of the sewer system on both upstream area calculations. For
different stream junction points (n=131) in the catchment, total up-
stream areas were calculated based on the natural catchment and af-
ter taking the sewer system into account. Differences between both
types total upstream areas were calculated as percentage change for
each junction.
junction (Fig. 7a). For the same reason, the change in total
upstream area varies strongly (Fig. 7b).
3.2.2 Future developments
When the WWCR zoning plans are fully implemented in
the future, another 245ha of impervious areas will be con-
nected to the WWTPs. Of those 245ha, the surface runoff
of 141ha will be transported to other catchments, while the
surface runoff of 148ha will be imported from neighboring
catchments.
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Table 4. MIKE SHE calibrated parameters for the saturated zone.
Interﬂow Baseﬂow Baseﬂow
reservoir reservoir 1 reservoir 2
Speciﬁc yield [−] 0.22 0.2 0.2
Initial depth [m] 15 30 30
Bottom depth [m] 15.065 40 40
Threshold depth [m] 15 30 30
Time constant [days] 4 12 12
Percolation time constant [days] 1.5 – –
Fraction of percolation [−] 0.82 – –
UZ feedback fraction [−] – 0.32 0.12
When all subcatchments are evaluated, it is seen that most
of the river junctions will experience an extra reduction in
upstream area by 1 or 2% (Fig. 8). Ten river junctions will,
however, experience an increase of their upstream area by
1 or 2% because of the upstream presence of a WWTP.
3.3 Model calibration and validation results
In comparison with Vansteenkiste et al. (2013) the main dif-
ference in the parameterization of the MIKE SHE model was
related to the saturated zone component (Table 4) and the
ﬁne tuning of the overland ﬂow roughness parameters (Ta-
ble 5). Other parameters related to the overland ﬂow, river
ﬂow and unsaturated zone were identical to Vansteenkiste
et al. (2013).
Table 6 shows the model performance statistics ME,
RMSE, R and NSE. These demonstrate the good general
modelperformance.Thestatistics,however,demonstratethat
the model performance is slightly better in the calibration
period than in the validation period. Figure 9 shows the ob-
served and simulated hourly runoff series for the calibration
period.
Additional veriﬁcation of the model performance for the
high- and low-ﬂow extremes is presented in Fig. 10. The
observed independent high- and low-ﬂow extremes are plot-
tedagainstthesimulatedonesafterBox–Coxtransformation.
These validation plots allow for evaluation of the model for
its ability to predict extreme conditions. The model is able
to simulate the extreme peak ﬂows well, while the low-ﬂow
extremes are slightly overestimated by the model. The ME is
very small for the peak ﬂows (0.05m3 s−1) and larger for the
independent low-ﬂow extremes (0.14m3 s−1). Based on the
good general model performance for total ﬂows in both cali-
bration and validation periods and for peak ﬂows, the model
was considered applicable for assessing the impact of the wa-
ter transfers on these ﬂow variables as a result of the sewer
infrastructure.
Table 5. MIKE SHE calibrated parameters for the surface.
Strickler
roughness
coefﬁcient
[m1/3 s−1]
Deciduous needleleaf forest 2.5
Deciduous broadleaf forest 1.25
Mixed forest 1.82
Grasslands 6
Permanent wetlands 2
Croplands 13
Urban and built-up 90
Water bodies 90
% change in upstream area 
N
u
m
b
e
r
 
o
f
 
s
u
b
c
a
t
c
h
m
e
n
t
s
 
-10  -8  -6  -4  -2  0  2  4 
0
 
1
0
 
2
0
 
3
0
 
4
0
 
5
0
 
6
0
 
7
0
 
8
0
 
9
0
 
Fig. 8. Histogram of the change in upstream areas after full imple-
mentation of the zoning plans. For different stream junction points
(n=131) in the catchment, total upstream areas were calculated by
comparing the current sewer system and the future sewer system
after full implementation of the zoning plans. Differences in to-
tal upstream areas are given as percentage change for each stream
junction.
3.4 Comparison with model impact results
3.4.1 River ﬂow impact of WWTPs
As a ﬁrst step, the different rainfall scenarios are compared
with the reference scenario. Figure 11 shows the model-
based differences in mean monthly river ﬂows between the
reference scenario and the adjusted rainfall scenarios. Based
on this difference, the relative contributions of the EIA to the
total river ﬂow were obtained. These relative contributions
vary between 2.2 and 7.2% for scenario 1. For scenario 2
these contributions vary between 2.8 and 6.1%.
3.4.2 Seasonal variation in river ﬂow impact
A seasonal change in relative contribution of the WWTP in-
frastructure to the river ﬂow was found. The largest contri-
butions to the overall ﬂow were found during summer and
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Table 6. Statistical performance of total hourly river ﬂows for the
model calibration and validation periods at the outlet station of the
Grote Nete catchment.
Calibration Validation
ME [m3 s−1] 0.6 0.72
RMSE [m3 s−1] 0.84 0.93
R [−] 0.88 0.84
NSE [−] 0.72 0.63
lowest during winter periods. The effect is, however, again
less pronounced compared to the relative contribution based
on the empirical analysis (Fig. 11).
A comparison is made between the model-based impact
results and the empirical analysis of Sect. 3.1, where the river
ﬂows at the outlet station are adjusted for the connected ar-
eas. Results of that comparison show strong seasonal pat-
terns in differences between the model-based and empirical
analysis results (Fig. 12). Especially during the period of de-
clining ﬂows (ﬂow recession periods) in spring and the be-
ginning of summer, the model simulates much lower relative
contributions of WWTP discharges compared to the empiri-
cal analysis. This difference is less pronounced or absent for
the summer of 2008.
3.4.3 Impact on peak and low ﬂows
The model-based impact results of the scenarios result in a
decrease of both peak (Fig. 13a) and low ﬂows (Fig. 13b)
for given return periods. For events with an empirical return
period higher than 1 year, both peak and low ﬂows decrease
proportional to the reduced rain scenarios. The effects thus
are stronger for the low-ﬂow event compared to the peak ﬂow
events (Table 7).
4 Discussion
4.1 Impact of WWTPs on the river baseﬂow
The overall impact of the WWTPs on the river ﬂow depends
on the timescale (daily, monthly or yearly). On average, the
WWTPs are responsible for about 10% of the catchment’s
discharge, but the relative WWTP contributions to the river
ﬂow can be signiﬁcantly higher at short timescales and dur-
ingdryperiods(Fig.6).Thesewerinfrastructureinthecatch-
ment is hence found to be an important point source of water
in the rivers.
The high WWTPs efﬂuent contribution to the total mean
river discharge is due to the combined effect of differ-
ent sewer-infrastructure-related processes: wastewater col-
lection, rainwater runoff and groundwater intrusion. That
parasitic groundwater, due to the groundwater intrusion, can
behighintheregionashasalsobeenshownbeforebyDirckx
Table 7. Absolute and relative changes in peak and low ﬂows at the
outlet station of the Grote Nete catchment for empirical return peri-
ods higher than 1 year and the different rainfall scenarios compared
with the reference scenario.
Peak ﬂows Low ﬂows
m3 s−1 % m3 s−1 %
Scenario 1 0.33 3 0.3 5.5
Scenario 2 0.3 2.8 0.11 4.9
Scenario 3 0.62 6 0.23 10.6
et al. (2009). Due to this draining of the groundwater ta-
ble, drought-related problems induced by the urbanization
will further increase. Climate change scenarios for Flanders
predict a strong decrease in river low ﬂows during summer
(Baguis et al., 2010; Vansteenkiste et al., 2013). The impact
of the WWTPs on the overall ﬂow is thus expected to in-
crease in the future.
While the impact of the WWTPs on a river ﬂow can be
evaluated rather easily, the impact of connected impervious
area on the ﬂow regime of smaller reaches within the WWCR
is more difﬁcult to quantify. Often the roofs of buildings and
pavements of a catchment are connected to sewers that trans-
port storm and wastewater to a WWTP, which might be lo-
cated outside the natural catchment boundary. If we would
like to evaluate these changes, long-term river ﬂow data need
tobeavailablethatencompassalsoriverﬂowdatapriortothe
sewer development. Also a detailed inventory of the gradual
expansion of the sewer infrastructure would be required.
4.2 TIA versus EIA
Impervious area is a landscape metric that is widely used
as an indicator of water quality, quantity and river ecosys-
tem health (Jacobson, 2011). In the empirical analysis, con-
ducted in this study, the impact of the sewer infrastructure
on the impervious areas within the catchment was evalu-
ated. The proposed method allowed us to make a distinc-
tion between TIA and EIA and to evaluate both transfers
between catchments and subcatchments. Whereas both up-
stream TIA and EIA were found to be useful indicators of
the hydrological and ecological disturbance, the EIA is in
general considered to be a better indicator for the anthro-
pogenicimpactonthehydrologicalregime(RoyandShuster,
2009). The EIA of the catchment decreased signiﬁcantly
whenthedifferentWWCRswereincorporatedintothecalcu-
lation. Large parts of the connected impervious areas within
the catchment do not contribute to the river ﬂows inside
the catchment but are drained to a neighboring catchment.
As a result, the overall impact of urbanization within the
catchment can be over- or underestimated. At the same time
large amounts of wastewater are transported from outside the
catchment. These changes to the natural system affect both
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Fig. 9. Observed and simulated hourly river ﬂow series for the model calibration period on a daily time step.
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Fig. 11. Relative contribution (% monthly mean total ﬂow) of the
WWTPs to the total river ﬂow. Measured refers to the empirical
results obtained in Sect. 3.1.
the spatial and temporal distribution of runoff water in the
catchments:fromspatiallydistributedrunofftopointinﬂows,
from one catchment to another, increased surface runoff, re-
duced groundwater inﬁltration, shorter travel time and hence
higher temporal and spatial aggregation, etc.
The changes in the total upstream areas, between −16 and
+3%, and upstream impervious areas, between −99 and
+64%, in our study were found to be large. For most of
the subcatchments in our research area, both total upstream
area and upstream impervious area decreased signiﬁcantly.
Although these subcatchments do not have actual upstream
EIA, they are affected by the reduction in upstream imper-
vious areas and the resulting decreased total upstream area.
These reductions in impervious areas and the transfer of
storm and wastewater to other reaches can lead to reduc-
tions in the ﬂow regime and changes in related river charac-
teristics. The actual absence of upstream impervious areas,
due to wastewater allocation, might be more important than
the presence of only a small portion of upstream impervious
area.
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Fig. 12. Difference in relative contribution of the WWTPs to the
total river ﬂow at the outlet station of the Grote Nete catchment (%
difference in monthly mean total ﬂow) between the model-based
and empirical analysis results (rainfall scenario 1 and 3). The dif-
ference in contribution increases during ﬂow recession periods.
In contrast to many other studies we were able to use high-
resolution data that are based on manual ﬁeld observations
instead of less accurate remote sensing data. The use of prox-
ies for impervious areas, as used in other studies (Chabaeva
et al., 2009), was not necessary. The same counts for the cal-
culation of the EIA. Despite the high resolution of the data,
some uncertainties remain in the impervious area classiﬁca-
tion (e.g., use of NGI classes and its inﬂuence on the TIA
calculation) and EIA calculation (e.g., actual connection be-
tween road surfaces and the underlying sewer system). How-
ever, we expect that both metrics, TIA and EIA, are close
to the actual situation in 2008 during low-ﬂow periods. Nev-
ertheless, due to increasing urbanization and sewer develop-
ment, both indicators require a regular update.
SODs can have a profound impact on the hydrology, es-
pecially during extreme rain events. But their responses to
these rain events can vary widely and are difﬁcult to predict.
Although relevant to the study area, the available data were
not sufﬁcient to incorporate SODs into the river ﬂow anal-
ysis or into the EIA calculations or model development. It
is expected that incorporating SODs in the analysis would
result in a reduction of the EIA during extreme rain events.
If such extreme rain events were to be analyzed explicitly,
SODs should be integrated in the EIA calculations.
4.3 Model impact results
Asopposedtotheempiricalanalysis,themodel-basedresults
allow for explicit consideration of the catchment runoff dy-
namics, the highly non-linear hydrological responses to the
changesinimperviousareasandtheinteractionsbetweendif-
ferent runoff components. However the use of hydrological
models has, as is the case for all models, limitations. Tra-
ditional hydrological models impose restrictions on how to
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Fig. 13. (a) Return period of hourly peak ﬂow extremes for the
Grote Nete catchment between 2004 and 2008. (b) Return period
of hourly low ﬂow extremes for the Grote Nete catchment between
2004 and 2008.
deal with sewer infrastructure. In this study we evaluated the
impact of the WWTPs by means of an existing, calibrated
MIKESHEhydrologicalmodel.Rainfallserieswerereduced
proportional to the EIAs within the catchment to enable sim-
ulation of the impact of the surface runoff from impervious
areas to the sewer system. This method is an alternative to the
actual integration of a sewer model in the catchment model,
which was not possible for reasons of data availability and
model characteristics. Despite these simpliﬁcations of real-
ity, the consistencies between the empirical and model-based
results gave us conﬁdence in the impact results. However, us-
ing this method it is not possible to evaluate the impact of the
EIA situated outside the catchment. The latter impact evalu-
ation would require sewer models to be integrated with the
catchment hydrological model.
Previous studies have demonstrated the difﬁculties mod-
els can have to describe base ﬂows in (peri-)urbanized areas
(Elliott et al., 2010). Our model results revealed overestima-
tions of low ﬂow, while other recent studies have reported
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underestimations (Furusho et al., 2013). Hydrology in peri-
urban catchments is typically a combination of fast and slow
hydrological responses (Braud and Andrieu, 2013). The spe-
ciﬁc weighing of both responses is in general case speciﬁc
and a result of the historical developments in the anthro-
pogenic system. Although some characteristics in our catch-
ment (e.g., fragmented land uses and related sewer system)
are speciﬁc for the region, interbasin transfers of waste- and
storm water are not rare and can play an important role at
different scales in many peri-urban catchments. Impacts of
these transfers in peri-urban catchments should therefore be
analyzed and if necessary incorporated during model devel-
opment. Bach and Ostrowski (2013) concluded, based on a
semi-distributed model, that the representation of the ﬂow
processes in peri-urban models should take place at a high
temporal and spatial resolution. Although FDPMs give a spa-
tially detailed description of the hydrological processes, our
results illustrate the challenges for sewer system integration
in FDPMs, though they might be less if an open-source mod-
eling system were used.
Asexpected,thedifferent scenarios resultedinadecreased
ﬂow, compared to the reference scenario, proportional to the
amount of EIA taken into account. The scenario with the
lowest amount of EIA (scenario 2: transportation outside
the catchment) resulted in the smallest change in ﬂow. Be-
sides an overall decrease in ﬂow, both peak and low ﬂows
decreased. But low ﬂows were proportionally more heav-
ily affected by the rainfall reduction scenarios. These results
conﬁrm the higher impact of EIA during summer low ﬂows
found by the empirical analysis and again illustrate the high
impact of EIA on the ﬂow regime and its importance to be
considered in the model. After consideration of the rainfall
scenarios, the modeled rivers were higher than the measured
river ﬂow adjusted for the EIA, this despite the fact that the
rainfall input was reduced for a similar amount within the
different scenarios. Apparently, other processes like evapo-
transpiration within the model compensate for the reduced
rainfall, leading to a lower reduction in ﬂow.
Another problem is the coarse spatial resolution of the
model. Due to this resolution, there is a general overestima-
tion of both TIA and EIA implemented in the model com-
pared to the high-resolution data. Nevertheless, similar val-
ues were obtained for the WWTP discharges and the re-
duction in ﬂow in scenario 3 (full reduction based on all
WWTPs). Because of the overestimation in the actual TIA
and EIA, similar errors might be made to when no distinction
is made between EIA and TIA (Alley and Veenhuis, 1983).
At the same time the overestimation of the impervious sur-
faces may have biased the hydrological model parameters
during the calibration (e.g., underestimation of the surface
runoff coefﬁcient). This means that if the model were to be
used for impact analysis of urbanization and climate change
scenarios, the impacts on peak ﬂows and ﬂood frequencies
may be underestimated. This problem is further investigated
by Vansteenkiste et al. (2013) for the MIKE SHE model of
the same catchment considered in this study.
An important aspect is the seasonal variation in the rela-
tive contribution of the EIA compared to the empirical data.
Both scenario 1 (reduction for WWTPs inside the catchment)
and 3 (full reduction based on all WWTPs) resulted in an
underestimation of the EIA impact on the river ﬂow during
months with low ﬂow and an overestimation during months
with high ﬂow. Hydrological models are often used to eval-
uate peak discharges and related ﬂood risks. Climate change
scenarios for Flanders, however, indicate an increase in fre-
quency and duration of dry periods, making low-ﬂow events
more common (Boukhris et al., 2009). Therefore the impor-
tance of these low-ﬂow events and their evaluation in hy-
drological models will become more important. A better in-
corporation of both impervious areas and WWTPs might be
crucial for a better performance of the models in evaluating
the effect of climate change on peak and low-ﬂow events.
Hydrological models are frequently used to predict changes
in the hydrological regime. But if we want to use these to
assess changes in climate, land use or other future develop-
ments within the catchment, consideration of the sewer trans-
fers discussed in this paper becomes increasingly important.
Our results show that the further development of the sewer
infrastructure will have a profound impact on the upstream
areas.
5 Conclusions
This paper presented a methodology to calculate EIA in a
way that incorporates the effects of WWCRs that do not
coincide with natural catchment boundaries. The methodol-
ogy allows us to evaluate storm- and wastewater transfers
between different catchments and indicate how strongly the
catchment’s hydrology is impacted by the sewer infrastruc-
ture. Comparisons between histograms or differences in his-
tograms of catchment areas can display the vulnerability of
thecatchmentstoimperviousareaimpactsandpotentialpeak
and low-ﬂow events. The method also allows for study of
how rivers that have no WWTP upstream are impacted by the
upstream presence of EIA. These upstream impervious areas
can have profound impacts on inﬁltration, surface runoff and
the river ﬂow regime.
We also simulated the impacts of the changes in imper-
vious areas and WWTPs in FDPMs. By applying different
rainfall scenarios, the impacts of wastewater transfers in the
catchment were simulated and evaluated. At the same time,
we were able analyze the impervious area parameterization
within the model. Our results show that water displacements
in and between catchments may severely impact the hydro-
logical model results. Hence it may also be important to take
these displacements into account in the hydrological model
development. Although we used high-resolution data, the
limited integration of all sewer processes (e.g., SODs) in the
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analysis prevented us from completely assessing the impact
of the sewer system on the model performance.
The correct incorporation of impervious areas in models
is of utmost importance as impervious areas have an im-
pact on catchment delineation and different aspects of the
ﬂow regime. With increasing urbanization and sewer devel-
opment, the impact of these processes on the hydrological
regime are expected to further increase in the future. Im-
portant areas of further research remain, amongst others, as
to (a) how to incorporate impervious areas from outside the
catchment into the model, (b) how to remove the areas that
are transported outside the catchment from the model do-
main, (c) how to better represent the seasonal variation in im-
pervious area and WWTP impact in the model, and (d) how
to integrate these processes based on less detailed data sets.
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